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ABSTRACT
Keck/LRIS multi-object spectroscopy has been carried out on 140 of some of the lowest and highest
surface brightness faint (19 < R < 22) dwarf galaxy candidates in the core region of the Coma Cluster.
These spectra are used to measure redshifts and establish membership for these faint dwarf populations.
The primary goal of the low surface brightness sample is to test our ability to use morphological and
surface brightness criteria to distinguish between Coma Cluster members and background galaxies using
high resolution HST/ACS images. Candidates were rated as expected members, uncertain, or expected
background. From 93 spectra, 51 dwarf galaxy members and 20 background galaxies are identified.
Our morphological membership estimation success rate is ∼ 100% for objects expected to be members
and better than ∼ 90% for galaxies expected to be in the background. We confirm that low surface
brightness is a very good indicator of cluster membership. High surface brightness galaxies are almost
always background with confusion arising only from the cases of the rare compact elliptical galaxies.
The more problematic cases occur at intermediate surface brightness. Many of these galaxies are given
uncertain membership ratings, and these were found to be members about half of the time. Including
color information will improve membership determination but will fail for some of the same objects
that are already mis-identified when using only surface brightness and morphology criteria. Compact
elliptical galaxies with B − V colors ∼ 0.2 magnitudes redward of the red sequence in particular require
spectroscopic follow-up. In a sample of 47 high surface brightness, ultra compact dwarf candidates, 19
objects have redshifts which place them in the Coma Cluster, while another 6 have questionable redshift
measurements but may also prove to be members. Redshift measurements are presented and the use of
indirect means for establishing cluster membership is discussed.
Subject headings: galaxy clusters: individual (Coma) - galaxies: dwarf
1. introduction
In order to study the dwarf galaxy population of clus-
ters, cluster membership must first be unambiguously de-
termined. Only in the Local and other very nearby groups,
such as M81, can membership be determined directly for
all potential members. Few rich galaxy clusters are close
enough for a complete census. Historically, astronomers
have assigned membership probability based on indirect
means such as colors or morphology, or have resorted to
statistical methods for estimating membership. The lat-
ter method estimates the number of galaxies belonging to
a cluster by correcting the total galaxy counts in a clus-
ter region for the expected background population based
on galaxy counts in nearby or blank regions of the sky.
This statistical method may be the least secure as it as-
sumes nearby regions on the sky to have the same back-
ground structure as the cluster area, yet it is known that
structure is not homogeneous and that counts can vary by
∼ 20 − 25% on scales of ∼ 0.5 deg (Hradecky et al. 2000;
Lopez-Cruz 1997). The situation may be worse around
rich galaxy clusters which are found at the intersections
of filaments where the true background population may
be significantly larger than in nearby less dense regions
of sky. The statistical method therefore not only intro-
duces large uncertainties due to field-to-field variance, but
may suffer from significant systematic bias as well. It is
expected that the use of colors and morphology will do
a better job, but this needs to be tested through direct
means. It is prohibitively time consuming to obtain suf-
ficiently high S/N spectra to measure redshifts for every
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galaxy in a cluster region down to the regime of the abun-
dant faint dwarf galaxy population, and impossible with
our current technology to measure redshifts of the faintest
and lowest surface brightness objects. We can, however,
observe a subsample of spectra to test memberships deter-
mined from indirect methods such as surface brightness,
morphology, and color criteria.
Using morphological criteria to establish membership in-
volves weeding out objects with structure resembling that
of background late type galaxies, and using surface bright-
ness, scale length, and morphological class to constrain
the remainder. It is expected that most cluster galaxies
are quiescent early-type galaxies that have relatively lower
surface brightness as compared to background objects. In
rich galaxy clusters, the dwarf ellipticals form the domi-
nant population at low luminosities. These galaxies have
smooth low surface brightness profiles and relatively large
sizes compared to background galaxies with similar ap-
parent magnitudes (e.g. Caldwell & Bothun 1987; Impey
et al. 1988; Ferguson & Sandage 1988). Thus, at faint
magnitudes, it is expected that cluster dwarf galaxies can
be distinguished from background galaxies by such prop-
erties as surface brightness and size. However, there is
always the possibility that these criteria could fail if, for
example, there existed a large population of very com-
pact objects (e.g. compact dEs and UCDs) which reside
within the cluster but are indistinguishable, morpholog-
ically, from background spheroidals or foreground stars,
or if there existed a large population of giant low surface
brightness galaxies in the cluster background. Such possi-
bilities can be tested with spectroscopic samples.
This work is part of the HST/ACS Coma Cluster Trea-
sury Survey (Carter et al. 2008), a two-passband imag-
ing survey originally designed to cover 740 arcmin2 in the
Coma Cluster to a depth of IC ∼ 26.6 for point sources
and µe,I < 26.0 mag arcsec
−2 for extended sources. Over
200 arcmin2 have been completed. The Coma Cluster was
chosen because it is the densest, richest cluster of galax-
ies at high galactic latitude within 100 Mpc and will pro-
vide the local and current analog of rich clusters seen at
higher redshift. In addition, much progress has already
been made towards understanding the cluster dynamics
and galaxy properties of this rich cluster. The HST/ACS
survey provides a database of high spatial resolution im-
ages with the overall goals to study the structure, stellar
populations, and morphologies of, and environmental ef-
fects on, the cluster dwarf galaxy population to a regime
fainter than could be explored before. Specifically, we are
using the ACS data to study e.g. the faint end of the clus-
ter galaxy luminosity function (Trentham et al. in prep),
structural parameters of dwarf galaxies (Hoyos et al. in
prep), stellar populations (Smith et al. 2008), the nature
of compact and ultra compact dwarf galaxies (Price et al.
2009, Chiboucas et al. in prep), and globular cluster sys-
tems (Puzia et al. in prep, Peng (2010)). This study will
moreover provide the local rich cluster benchmark for var-
ious scaling relations.
The high quality ACS data are used to study structural,
photometric, and morphological properties of the cluster
members. However, cluster members must first be identi-
fied. Several members of the team have therefore made use
of morphological, surface brightness, and size criteria to as-
sign a membership probability to each object in our ACS
images. As a follow-up to this ACS imaging survey, we are
therefore establishing membership for faint dwarf galaxies
through spectroscopy for a subset of objects suspected of
being cluster members. A separate MMT/Hectospec cam-
paign has measured redshifts for over 8700 galaxies down
to R ∼ 20, where it is ∼ 80% complete for the ACS sur-
veyed region. We are using Keck/LRIS to obtain spectra
of even fainter galaxies (19 < R < 24,−16 < MR < −11),
targeting both the low and high surface brightness seg-
ments of the dwarf population.
Galaxies at the faint end of the luminosity function tend
to be low surface brightness (LSB) dwarf ellipticals (Tren-
tham et al. 2001; Ferguson & Binggeli 1994). To test our
membership assignments which follow from that assump-
tion, we have observed samples of both low surface bright-
ness faint galaxies expected to be members and higher sur-
face brightness galaxies expected to lie in the background.
We target the central core of the Coma Cluster where we
have obtained high resolution HST/ACS imaging and have
completed morphological estimates for membership.
At the very high surface brightness end of the spectrum
lie the ultra compact dwarfs (UCDs). First discovered
in spectroscopic studies of the Fornax cluster, including
an all-object spectroscopic survey by Drinkwater et al.
(2000), significant UCD populations have now been es-
tablished to exist in the Fornax, Virgo, and Centaurus
clusters (Hilker et al. 1999; Drinkwater et al. 2004; Firth
et al. 2008; Jones et al. 2006; Has¸egan et al. 2005; Mieske
et al. 2007a, 2009) while candidate UCDs have been iden-
tified in the Hydra, A1689, AS0740, and Coma Clusters
and the NGC 1023 group (Wehner & Harris 2007; Mieske
et al. 2004b; Blakeslee & Barber DeGraaff 2008; Adami
et al. 2009; Mieske et al. 2007b).
UCDs have magnitudes in the range −13.5 < MV <
−10.5 and are extremely compact, with physical sizes
ranging from 7 < re < 100 pc (Mieske et al. 2007a; Jones
et al. 2006; Mieske et al. 2008). In the Coma Cluster, this
range corresponds to angular sizes of 0.01 − 0.2 arcsec.
Coma UCDs are therefore unresolved in typical ground-
based imaging, and only the largest can be resolved with
HST/ACS. With high surface brightness and low luminosi-
ties, they are well distinguished from the magnitude - sur-
face brightness relation of ”typical” dwarf galaxies. UCDs
also tend to be redder than the dE red sequence by ∼ 0.2
magnitudes. This property is likely driven by high metal-
licities (Mieske et al. 2006; Chilingarian et al. 2008). The
origin of these enigmatic objects is not clear. They may be
the visible nuclei of extremely low surface brightness dwarf
galaxies or they may constitute a population of remnant
nuclei formed from ”threshing” of nucleated dwarf ellip-
ticals via tidal encounters with giant galaxies (Phillipps
et al. 2001; Bekki et al. 2003; Has¸egan et al. 2005). Alter-
natively, they may make up a bright tail of the globular
cluster luminosity function or they may have formed as
mergers of young massive star clusters themselves formed
during galaxy mergers (Drinkwater et al. 2000; Fellhauer
& Kroupa 2002; Chilingarian et al. 2008). The population
size, spatial distribution, and intrinsic properties of this
object class, should UCDs exist within the Coma Cluster,
will provide critical new clues for understanding the for-
mation mechanisms of these unusual objects, and expand
3our understanding of the full dwarf galaxy population.
In Section 2 we detail the target selection, observations,
and data reduction. We provide results of the spectro-
scopic study in Section 3 including the success rates for
using indirect means to estimate cluster membership. In
Section 4 we discuss these results and in Section 5 we pro-
vide a summary and conclusions. Throughout this paper,
we assume a distance to the Coma Cluster of 100 Mpc and
a distance modulus µ = 35 (see Carter et al. 2008, Table
1).
2. observations and data reduction
2.1. Target Selection
Our survey of faint dwarf galaxies in the Coma Cluster
was divided into the two surface brightness samples each
with a slightly different science objective. For the LSB
sample the goal is to use redshift measurements to test our
ability to correctly determine membership for Coma Clus-
ter galaxies through indirect means. This test provides
statistical probabilities for dwarf galaxy cluster member-
ship, which are needed to constrain the poorly known
faint-end slope of the LF and to enable dwarf population
studies at the very faint regime. The goal of the high sur-
face brightness sample is to investigate whether the Coma
Cluster hosts a population of UCDs.
Prior to our initial observing run, redshifts existed for
all galaxies in the Coma region with R < 17.5 and for
almost all expected members to R < 18.5. An ongoing
MMT/Hectospec campaign has been targeting all galax-
ies with R < 20.0. Our plan was to take spectroscopic
observations 2 − 3 magnitudes deeper. Our low surface
brightness targets were therefore chosen within the mag-
nitude range 19 < R < 22.5, and with central surface
brightnesses µo < 24. R−band photometry was taken
from the catalog of Adami et al. (2006). At high surface
brightness, we targeted objects to R < 24.
2.1.1. Morphological Membership Assessment
Indirect means are required to establish membership at
faint magnitudes where galaxy counts become too large for
comprehensive spectroscopic coverage. We therefore use
known and expected morphological and structural prop-
erties of the cluster population in order to distinguish be-
tween background and cluster galaxies in our high resolu-
tion ACS imaging. This method has been used previously
for studies of other nearby galaxy groups and clusters.
One of the historically more prominent uses was the as-
sembly of the Virgo Cluster Catalog using primarily mor-
phological means (Binggeli et al. 1985). Morphological
classification of galaxies in this region was performed by
Sandage & Binggeli (1984) who define the classification
scheme and supply a reference set of examples to serve as
templates. Cluster membership was then determined pri-
marily based on the morphological classification for each
galaxy. More recently, this method has been used to assign
membership to nearby group and cluster galaxies in order
to construct the galaxy luminosity functions (Trentham
et al. 2001; Trentham & Tully 2002; Mahdavi et al. 2005).
These studies used a very similar method as this work to
assign membership to groups ∼ 4 times closer with ∼ 4
times lower spatial resolution from ground-based imaging.
The majority of faint galaxies imaged within a field
of even a rich galaxy cluster will be background galax-
ies. Faint cluster members are the dwarf galaxies, and
within a rich cluster, the great majority of these will be of
the early type dE class. Both dwarf elliptical and dwarf
irregular galaxies follow a well defined magnitude - sur-
face brightness relation where surface brightness decreases
with magnitude such that the physical radius of the galaxy
remains nearly constant (e.g. Caldwell & Bothun 1987;
Binggeli & Cameron 1991; Binggeli 1994; Mieske et al.
2004a; Boselli et al. 2008). Thus, at a given apparent mag-
nitude, dwarf cluster members are expected to be of lower
surface brightness and to have larger sizes than the major-
ity of background galaxies. The dwarf members are also
expected to have roughly similar sizes. Furthermore, late
type field background galaxies can be distinguished based
on morphological and structural properties. The presence
of features such as spiral arms, dust lanes, evidence for
tidal disruption, flat edge-on disks, central bulges, major
bars, etc. are all good indicators for late type morphol-
ogy more likely to be associated with intrinsically high
luminosity background galaxies than intrinsically low lu-
minosity dwarf members.
All ACS images from our survey were visually inspected
by two of the authors (NT and HF) who closely followed
the Sandage & Binggeli (1984) prescription for galaxy clas-
sification. Galaxies in the Coma Cluster fields were then
placed into 4 membership categories based on the follow-
ing considerations. Objects at R > 19 that are compact
and/or have spiral or other obvious structure indicative
of intrinsically luminous galaxies were assumed to lie in
the background. From the magnitude - surface brightness
relation, faint members are expected to have low surface
brightness and relatively large sizes in comparison with the
abundant background galaxies of similar apparent magni-
tude. These mostly featureless diffuse LSB galaxies are
assigned to the dE class and are assumed to be members.
LSB galaxies with small central nuclei are morphologi-
cally assigned to be of the dE,N class and can also be
identified as members with relative certainty. Besides the
obvious members and background galaxies there will be
some cases where the membership cannot be unambigu-
ously determined based on morphological grounds alone.
The following probability ranking scheme, described fur-
ther in Trentham et al. (in prep), was then used to assign
a membership likelihood to each galaxy:
1: Expected member
2: Probable member
3: Possible member
4: Expected background
Examples from each class are shown in Figures 1 - 3. We
cannot provide a specific recipe for assigning memberships.
This rating scheme is subjective and therefore not per-
fectly reproducible. However, it is expected that a human
can be trained through experience looking at many images
in different contexts to morphologically classify galaxies
and reliably pick out members from qualitative determi-
nations better than any devised algorithm. Both authors
here have significant experience with this technique. Given
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previous success using this method to determine member-
ship for nearby group and cluster members, it is expected
that this method will have good success in assigning mem-
bership for the more distant Coma Cluster galaxies (100
Mpc) using high resolution HST/ACS images. We test
this hypothesis in this paper.
To test the reliability of these membership assignments,
we chose samples from each of the 4 membership classes for
follow-up spectroscopy. We weighted all possible targets
based on membership probability, giving higher weights
to those galaxies considered likely and probable members
(ranking 1-2), a lower weighting for those considered pos-
sible members (3), and the lowest weighting for those con-
sidered background (4). These weights were used strictly
in the LRIS mask making software, Autoslit3, and were
implemented primarily to obtain roughly equal numbers
of each category in the final masks, since total numbers
of objects increased inversely with membership likelihood.
In the end, ∼ 20−25 objects were chosen from each of the
membership classes. In order to ensure that the majority
of spectra were of high enough S/N to measure redshifts,
we also gave slightly greater weight to those objects with
higher surface brightness. While this is a selection bias,
the main goal was to obtain high enough S/N for as many
targets as possible from which to extract secure redshift
measurements. The sample for which we successfully mea-
sured redshifts has a large enough range to investigate any
possible bias or trend as a function of surface brightness.
We discuss this further in Section 4.
2.1.2. UCD Candidate Selection
The second goal of our spectroscopic survey was to
search for the existence of a UCD population within the
dynamically evolved Coma Cluster. UCDs are extremely
compact and faint objects having apparent magnitudes at
the distance of Coma in the range 21.5 < V < 24.5, col-
ors up to 0.2 magnitudes redder than the red sequence,
and half-light radii corresponding to 0.01− 0.2 arcsec. In
ground-based surveys, these objects are not resolved, but
with the resolution of ACS the larger ones are just re-
solved. It is therefore challenging, even with HST imaging,
to distinguish these near point sources from foreground
stars.
To choose a sample of UCD candidates, we first iden-
tified point sources in the catalog of Adami et al. (2006)
based on their large ground-based CFHT/CFH12K survey.
We then imposed the following criteria:
1. R < 24 (3′′ aperture mags)
2. 0.45 < (B − V ) < 1.1 (3′′ apertures)
3. Higher priority to sources with 0.15 < R− I < 0.6
4. Located in regions with processed ACS images
(available before 2007 February)
5. Gave highest weight to sources showing any sign
of having profiles broader than stellar in our ACS
images.
This last point biases the sample to larger objects although
unresolved sources were included in the target list as well.
The (B − V ) range includes the Fornax/Virgo UCDs at
the blue end and compact ellipticals (cEs) at the red end.
In part because of potentially large photometric errors at
these faint magnitudes, we refrained from making our color
cut too restrictive. The final list contains 165 UCD can-
didates. The weights were implemented by the Autoslit3
mask making software for choosing targets.
2.2. Observations
The spectroscopic setup was intended to maximize light
throughput at the expense of resolution. As we only need
to establish cluster membership for these galaxies, and the
Coma Cluster has a velocity dispersion of ∼ 1000 km/s, a
resolution of 200 km/s is adequate. The spectral range was
chosen to include the Ca H and K lines and Balmer break
at the blue end (∼ 4080A˚ at the redshift of Coma) and
the Ca triplet at the red end (around 8600A˚). Because the
most critical spectral features for redshift measurements
of low redshift, faint galaxies are the Ca H & K lines and
Balmer break, we require high sensitivity in the blue.
In order to attain these specifications, we use the Keck
LRIS low resolution imaging spectrometer (Oke et al.
1995) in multi-object spectroscopy mode. A dichroic was
used to split light at 5600A˚ between red and blue detec-
tors. On the blue-side, we used the 400 line mm−1 grism
blazed at 3400A˚ providing a dispersion of 1.09A˚ pix−1 and
wavelength coverage of 4384A˚. With 1.2 arcsec slitlets, we
achieved a resolution of ∼7.8A˚ FWHM. On the red-side
we chose the 400 line mm−1 grating blazed at 8500A˚ with
wavelength coverage 3950A˚ and 1.92A˚ pix−1 dispersion.
These provide peak efficiencies of 50% at 3900A˚ and over
40% at 7000A˚, along with the intended full wavelength
coverage.
We observed 4 masks over 2 nights 2-3 April 2008. De-
tails of these observations are provided in Table 1. Each
MOS mask covers a field of view of 5′ × 8′. Total inte-
grations for each mask were 8× 1500s with the exception
of the blue side of the 3rd mask for which we only ob-
tained 6×1500s. The masks covered 4 separate fields with
only slight overlap (4 objects were observed in 2 masks
each), and nearly cover the full core region with completed
ACS imaging. A total of 140 objects were targeted with
the 4 LRIS masks for an average of 35 slitlets per mask.
These included 20 expected background galaxies (mem-
bership probability 4), 73 low surface brightness proba-
ble/potential cluster members (membership probabilities
1-3), and 47 UCD candidates. In Figure 4, we overlay the
locations of the 4 LRIS fields on an image of the central
Coma Cluster region. Red boxes designate the originally
proposed locations for the ACS imaging; those highlighted
in yellow have been completed. The locations of targets
are also shown.
A subsequent observing run in 2009 focused on the con-
tinuation of our UCD search. UCD discoveries will be
presented in a future paper. However we did measure red-
shifts for two new LSB members. We include these mea-
surements in Table 2, but as these two objects are not
statistically relevant to the discussion in this paper, we do
not discuss them further.
Calibration arc lamps were observed each evening and
sky lines were used to determine observational shifts.
Dome and halogen lamp flats were also observed daily.
The signal-to-noise per Angstrom for the galaxy spectra
5ranges from ∼ 60 to less than 1. The brightest high surface
brightness objects had S/N (around 5000A˚) > 20. Typ-
ical S/N for the low surface brightness dwarfs for which
we were able to measure redshifts ranged from ∼ 4 − 15
around 5000A˚. For the UCD sample, membership was es-
tablished for targets having S/N > 4.5 while less secure
redshifts were derived from spectra with 2.5 < S/N < 4.5.
2.3. Data Reduction
Data were reduced using the standard procedures in
IRAF. We first overscan/bias corrected the images us-
ing tasks lccdproc/lrisbias. For the blue-side data, 2 CCD
chips read out with 4 amplifiers were corrected for different
gains and tiled into a single image. Data on the red-side
were likewise corrected for 2-amp readout. Halogen flats
for each mask were combined and a normalized flat im-
age was generated with apflatten. Science MOS images
were divided by this flat, and the 8 individual exposures
for each mask were subsequently median combined using
sigma clipping after first fixing bad columns.
Slit spectra were rectified by first tracing the slit gaps
for each mask and fitting these with 4th order legendre
polynomials. geomap was run to compute the 2D surface
for the full set of slit gaps in a mask and geotran was then
run to generate images with straightened slits using that
transformation. Once this operation was completed, indi-
vidual 2-D spectra were cut out. Arc spectra were rectified
and extracted for each slitlet in the same manner.
We ran the IRAF tasks identify (reidentify) and fitcoord
to wavelength calibrate the lamp spectra, and transform
to calibrate the object spectra using these arc wavelength
solutions. Sky lines in the slitlet spectrum of each object
were used to correct for offsets from the lamp wavelength
calibrations. On the blue-side spectra, the shift was calcu-
lated primarily with the 5577A˚ emission line. However, in
many spectra this line was at the very edge of the spectrum
or, for objects with slits at the edge of the mask, missing
from the spectrum altogether. Because we were unable to
accurately correct for the shift in many spectra, we believe
we may suffer from systematic errors as large as 100 km/s.
To extract 1-dimensional spectra, we used apall to identify
the spectrum center, width, and sky regions. The RVSAO
package was used, along with absorption and emission line
template spectra, to measure cross correlated redshifts.
In the red-side spectra we had to contend with bright
skylines redward of 7000A˚. Sky regions within the slitlet
were used to subtract these out, but residual noise in most
cases is brighter than the target galaxy signal. We there-
fore only used these spectra when the source signal was
bright and to search for emission lines.
3. results
In Fig. 5, we display 6 spectra for dE and dE,N galaxies
from which we obtained redshift measurements, arranged
in order of increasing R−band magnitude. The majority
of redshifts for Coma member galaxies were measured us-
ing prominent lines in the blue, in particular the Ca H&K,
Balmer break, and Hβ lines. High redshifts were more of-
ten measured from emission lines in the red-side spectra.
Spectra from our faint and low surface brightness dwarfs
were most often too faint to extract redshift measurements
from our red-side spectra due to bright sky emission.
The mean redshift of the Coma Cluster is cz ∼ 6925 km
s−1 with σ ∼ 1000 km s−1 (Wegner et al. 1999; Gurzadyan
& Mazure 2001; Shao et al. 1994; Edwards et al. 2002). We
take Coma members to be those galaxies within 3σ of the
cluster mean velocity, or between 4000−10000 km s−1. In
total we measured redshifts for 70 Coma Cluster members
including 19 UCDs. Spectra for the 19 objects confirmed
as UCDs are provided in Chiboucas et al. (in prep). An-
other 14 objects have less secure redshift measurements
consistent with Coma Cluster membership including 6 po-
tential UCDs. Redshifts confirmed that another 24 objects
are background galaxies while 6 UCD candidates proved
to be foreground stars. For the remainder of the targets,
the S/N of the spectra was too low to extract redshifts. In
total, we measured redshifts for over 80% of our targets.
We present the redshift measurements in Table 2 for the
non-UCD sample and display histograms of the radial ve-
locities in Fig 6. Redshift measurements for the UCDs are
provided in Chiboucas et al. (in prep).
In Figure 7 we compare radial velocity measurements
for galaxies that overlapped in the Hectospec sample. The
average difference for all 10 galaxies in common is 32 km
s−1. Two objects differ by nearly 100 km s−1. These
are objects which were observed on the far edge of LRIS
masks cutting off much of the red portion of the spectra.
For these galaxies, and up to 11% of the sample, the blue-
side spectra cut off at the red end by ∼ 5300A˚. There are
few arc lines in this region, so the wavelength calibration is
not well constrained at the red end, and no sky lines from
which to determine relative shifts from the arc calibra-
tion. We therefore expect larger uncertainties for galaxies
located along one side of the masks. However, neither the
small systematic offset from Hectospec velocities nor larger
uncertainties for some galaxies are significant compared to
the Coma Cluster velocity dispersion, and so do not affect
the cluster membership determination.
For 51 non-UCD member galaxies, we find 〈vr〉 =
6970± 178 with σv = 1269± 126. Excluding the one high-
est redshift object at 9870 km/s, we find 〈vr〉 = 6912±172
with σv = 1213±122. Edwards et al. (2002) found a mean
radial velocity for the Coma Cluster of 6925 km s−1 with
velocity dispersions for the giant and dwarf galaxy popu-
lations of 979±30 and 1096±45 km s−1 respectively. The
velocity dispersion found for our faint, low surface bright-
ness sample is 1σ larger than their dwarf galaxy measure-
ment. This may be due in part to the smaller sample size
or smaller field coverage of this study, and in particular
with the fact that our sample is confined to the cluster
core since velocity dispersion typically decreases with pro-
jected radius in clusters. However, it is also consistent
with the trend of increasing velocity dispersion with de-
creasing galaxy luminosity (or mass) previously found for
the Coma cluster and which may be due to dynamical
friction processes that lead to equipartition (Adami et al.
1998).
From the low S/N failures, we can determine our spec-
troscopic survey limits. We find that in our 3.3 hr in-
tegrated exposures, we are able to measure redshifts for
all targets with central surface brightness higher than
µ◦(R) < 23 mag arcsec−2. For well resolved galaxies,
we are able to measure redshifts down to µ◦(R) = 23.6
for galaxies brighter than R < 22 (or to mean effective
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surface brightness 〈µ〉e,F814W < 23.8 for galaxies brighter
than F814W < 22). For the quasi-point source UCD can-
didates, we reach a magnitude deeper, becoming incom-
plete at R ∼ 22.9 and F814W ∼ 23.3 (see Fig. 13-14).
From the redshift measurements of the sample selected
to test membership probabilities we find a high success
rate for establishing membership through indirect means.
Of the 50 objects in our LSB sample that were confirmed
to be members, 43 were expected to be members (probabil-
ity classes 1-2) by one or both of NT and HF. Only 7 had
been designated class 3-4 by both. We display thumbnails
of these 7 morphologically ambiguous objects in Figure 8.
All 7 are classified as types other than dE. One is classified
as an irregular, 4 as normal ellipticals, and 2 as S0 and dS0.
This last was given the membership probability 3 (uncer-
tain) by both authors. Based on the spectroscopic red-
shifts, we see that two of the confirmed members classified
as E types (91543, 122743) are in fact compact elliptical
(cE) galaxies. The other two galaxies classified as Es are
even more compact high surface brightness objects. One
(151072) may be a member of the UCD class based on its
size and surface brightness. The other (242439) is larger
and appears to have a low surface brightness envelope with
some additional structure. The objects correctly identified
as members based on morphology and surface brightness
are largely of the dE and dE,N classes with only a few
exceptions. The failures are largely featureless, and often
round, compact early types.
Of the 20 confirmed background objects, 17 had been
correctly assigned a 4 (definite background) by at least
one author. The remaining 3 had been classified as 3 (un-
certain) by at least one author. We show these 3 objects
in Figure 9. It is easy to understand the confusion of two
of these objects with cE and dE,N type cluster galaxies.
These results indicate very good success for establishing
membership through indirect means, although failures are
clearly due to morphological biases inherent in using this
methodology. We graphically display these results in Fig.
10. The shaded histogram shows, as a function of the av-
erage membership probability, the number of objects con-
firmed to be members while the open hatched histogram
shows counts for confirmed background galaxies. For ob-
jects designated as 1-2 by both authors, we find a 100%
success rate. For objects classified as 4 (background) by
both, we find a 91% success rate. We note that our small
background sample does not reflect the full range of likely
background galaxies. The great majority of background
galaxies have spiral arms and other tell-tale features and
can be confidently associated with the background. We
expect this 91% success rate to therefore be a lower limit.
Between the expected member and background galaxies, in
the range where at least one author designated the galaxy
as an uncertain 3, we encounter the problem cases. Ob-
jects with an average probability of 2.5 turned out to be
members 75% of the time, those with a probability of 3
turned out to be members half of the time, and those with
a probability of 3.5 turned out to be members 42% of the
time. On average, for these 22 cases where at least one au-
thor chose the uncertain probability 3, 55% turned out to
be members while 45% turned out to be background. This
is very close to a 50-50 split one might expect for such an
uncertain category. For the full sample of morphologically
classified galaxies in our ACS fields, this would imply that
∼ 90% of 400 galaxies ranked 1− 2.5 may be expected to
be members and > 70% of 364 galaxies designated 3.5− 4
may be expected to lie in the background. Another ∼ 150
galaxies from the uncertain category 3.0 may also prove to
be members.
In summary, we find that if mistakes are made with
membership assignments based on morphology, it is often
because a small fraction of textureless high surface bright-
ness objects taken to be in the background are compact
dwarfs in the cluster. Candidates expected to be members
almost always are. Candidates in the uncertain category
split almost evenly between member and non-member.
For the UCD sample, our spectroscopy measurements
become incomplete by R = 23.3. For targets brighter than
this, where we are able to measure secure redshifts, an as-
tonishing 19, or 66%, have turned out to be members.
Only 4 targets were found to lie in the background while
6 proved to be stars. We discuss these results in greater
detail in Chiboucas et al. (in prep).
One object (92663) targeted originally as a UCD candi-
date was confirmed to be a cluster member with vr = 7525
km s−1 through unusually strong emission lines. We show
the relative flux calibrated red and blue-side spectra in
Fig. 11. The spectrum exhibits strong emission lines along
with continuum. No absorption lines are apparent in this
spectrum. Nebular He and a Wolf-Rayet bump centered
around restframe 4660A˚ are also visible, indicative of a
young starburst. Placing our line strength measurements
of log [O III]5007/Hβ (0.6) and log [N II]6583/Hα (-1.0) on
a BPT diagram (Baldwin et al. 1981), we find our object
lies on the branch of objects that are strongly star form-
ing/HII regions. Because these are line ratios of neigh-
boring lines, effects of reddening and flux calibration un-
certainties are minimized. From [NII]λ6583/ Hα (the N2
index) we calculate the oxygen abundance 12 + log(O/H)
= 8.3 using the relation found by Pettini & Pagel (2004),
somewhat lower than the solar value 8.66. We measure an
equivalent width of 1008A˚ for Hα well above the threshold
for the definition of a starburst (Lee et al. 2009). Using
STARBURST99 models (Leitherer et al. 1999), we esti-
mate an age of this starburst of 3.1 − 4.1 Myr depending
on the model parameters used, consistent with the Wolf-
Rayet features observed in the spectrum. As might be
expected from the strong Hα emission line, this object has
been detected in both NUV and FUV with GALEX along
with Hα imaging from the 2.5m Isaac Newton Telescope.
These data are discussed further in Smith et al. (2010).
This object, targeted as a UCD candidate, has a mag-
nitude and size in the F814W band expected for UCDs.
Just to the west of this object, and just outside the slit,
is another object visible in the F814W image with a high
surface brightness core and distorted envelope (Fig. 12).
However, from the F475W band image, we find these two
objects are very blue and more extended than seen in the
F814W image. They are most likely associated, perhaps
as an interacting pair or a single dwarf irregular galaxy
having two separate star bursting regions. The targeted
object is most likely a large HII/OB complex. The magni-
tude of the targeted object is F814W = 23.1, the one just
above is a half magnitude brighter. Both objects are quite
blue: the targeted source has F475W − F814W = −0.93
7while the second object has F475W − F814W = −0.37.
The double object spans ∼ 2.5 arcsec, or at the distance
of Coma, 1.1 kpc.
We note that there is another unusual blue object in the
immediate vicinity which appears to be a tidal stream or
tidally disturbed galaxy with brighter patches at one end
having, presumably, high star formation rates. If this ob-
ject is also a Coma Cluster member, these two star burst-
ing objects would be separated by a projected distance of
∼ 4.4 kpc. It would seem unusual to find such strongly
star forming objects in an old, evolved cluster. However,
similar objects have been found in the Coma core region.
Yoshida et al. (2008) find an unusual starbursting complex
to the southwest of the core which they refer to as ’fire-
balls’ due to the multiple blue blobs and streams associ-
ated with this object. The fireballs appear to be associated
with a nearby merger remnant galaxy. Near the ’fireballs’,
Yagi et al. (2007) find a long Hα emitting stream asso-
ciated with a post-starburst galaxy. In a study of Coma
supercluster galaxies, Mahajan et al. (2010) find that star-
forming dwarf galaxies on first infall through the dense in-
tracluster medium undergo a burst of star formation and
are subsequently quenched. This may be what we are see-
ing here, although tidal effects could also play a role. This
emission line object is discussed further in Smith et al.
(2010).
4. discussion
We display membership results in magnitude - surface
brightness space in Figures 13 - 14. R-band photometry
comes from the ground-based Adami et al. (2006) cata-
log. F814W photometry comes from SExtractor measure-
ments from our ACS data (Hammer et al. 2010). Under-
lying symbols denote the original membership probability.
Those highlighted in green circles were confirmed through
redshifts to be members, while red squares highlight the
background galaxies. Cyan circles represent confirmed
UCDs. Two roughly parallel sequences of cluster members
are visible in these figures. The normal dwarf population
lies along the low surface brightness end of the range and
follows the well known magnitude - surface brightness re-
lation for dwarf ellipticals. On the other side of the surface
brightness spectrum are the very high surface brightness
and compact UCDs which appear to follow a sequence par-
allel to that of the dEs. This region is closely bounded by
the stellar sequence. Note that due to seeing limitations,
the ground based photometry generates narrow UCD and
stellar sequences that merge and are bounded on the high
surface brightness side by the seeing disk. Although there
is still some overlap, ACS measurements expand this sur-
face brightness space and do a better job at separating
UCDs and stars. In between the compact and LSB se-
quences, the great majority of objects are confirmed and
expected background galaxies.
These figures demonstrate that, at least in the case
of normal dwarf galaxies, surface brightness is a good,
and reliable, indicator of membership. In the lowest sur-
face brightness regime, all objects with measured redshifts
are members. This result is significant because our spec-
troscopic survey becomes incomplete due to low surface
brightness before becoming incomplete at faint magni-
tudes. From these diagrams, we may assume that lower
surface brightness galaxies without spectra, brightward of
F814W ∼ 21.5, are members as expected from their mem-
bership probability classes.
However, these figures also illuminate several issues with
this indirect membership assignment technique. At in-
termediate surface brightnesses, member galaxies overlap
in magnitude and surface brightness with the background
population. In this region we will expect greater uncer-
tainty with the membership assignments. Also evident
is the surface brightness bimodality in the Coma Cluster
member population. At the highest surface brightnesses,
there is a second significant population of UCD cluster
members which overlap, even in ACS images, with the stel-
lar sequence. The UCD sequence may continue to brighter
magnitudes than we find here, but in our 2008 observ-
ing run we did not target any UCD candidates brighter
than R = 21.5. In addition there are a pair of cEs that
fall within the surface brightness-magnitude region of the
background population. It is strikingly apparent that if
these two classes of compact objects constitute significant
populations in the Coma Cluster, we may be seriously
mis-representing the Coma Cluster galaxy population and
associated properties in our comprehensive cluster study
when using surface brightness criteria to assign member-
ship.
A number of questions must be addressed. We need
to determine if compact dwarf ellipticals compose a sig-
nificant fraction of the cluster population, and how they
might be identified using other means than spectroscopy.
This is addressed in Price et al. (2009). With a total of
7 confirmed members at present, it does not appear that
compact dwarf galaxies form a large Coma Cluster pop-
ulation. Similarly, we need to determine whether UCDs
contribute significantly to the overall cluster dwarf pop-
ulation, how they might be identified short of all-object
spectroscopic surveys, and, most importantly, what type
of object these are. We address these questions in detail in
Chiboucas et al. (in prep). A ∼60% success rate with our
initial observations indicates a large population. However,
we do not yet know whether these objects are the stripped
remains of nucleated dwarf ellipticals or simply giant star
clusters, perhaps forming the bright tail of the globular
cluster luminosity distribution.
We consider other means of identifying cluster mem-
bers. In our original classification, color information was
not used. We display color-magnitude diagrams in Figure
15. The red sequence of early type cluster members is im-
mediately apparent (highlighted green circles). We include
the best fit to the red sequence of 120 14 < R < 19 galax-
ies extended to the faint magnitudes here and find that
the red sequence is continuous down to at least R < 22.
Brightward of R or F814W = 21.5(MR/F814W = −13.5),
we expect that color can be used to distinguish members
from background galaxies with high success. There are
only three discrepant points. One background galaxy, orig-
inally classified as an uncertain membership probability 3
falls right along the red sequence. Incorporating colors in
the membership determination would most likely have led
to the mis-identification of this galaxy as a cluster mem-
ber. Two members lie 0.2 magnitudes redward of the red
sequence. These are the already mis-identified cE galax-
ies. Including color information for these may reinforce
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the mis-identification as background galaxies. This study
suggests that compact ellipticals with B − V colors ∼ 0.2
magnitudes redward of the red sequence warrant spectro-
scopic attention. We also find that the confirmed UCDs
have a large and unexpected color spread. There appears
to be a subset that may follow the faint extension of the
red sequence while the remainder of UCDs have extraor-
dinarily red colors. Thus, although we would expect that
incorporating color information will improve our overall
membership assignment success rate, especially for galax-
ies in the uncertain probability 3 category, and can cer-
tainly be used to reliably exclude very red high redshift
galaxies, it fails for some of the same objects as morphol-
ogy and surface brightness criteria. Other means to differ-
entiate between background and cluster members, such as
the use of structural parameters, are being investigated.
The observed bimodal distribution of member surface
brightnesses therefore complicates membership determi-
nations. We find that our membership assignments are
largely successful to R = 21.5. We have not yet uncov-
ered a UCD population brighter than this. Our largest
source of uncertainty in this range would appear to be
due to the cE class. If these objects do not comprise a
large galaxy population, we may expect to have nearly
complete and accurate membership information down to
MR = −13.5. We are, however, continuing to investigate
this in future work, including new LRIS and Hectospec ob-
servations specifically designed to search for bright UCDs
and faint cEs.
Michard & Andreon (2008) establish membership for
Coma Cluster galaxies using a very similar method. Based
on morphology, surface brightness, and size criteria they
identify members in CFHT/CFH12K B and V imaging.
They found good agreement with literature redshift re-
sults down to a completeness limit of MB = −15 (B = 20),
or, assuming B − R ∼ 1.2, to R ∼ 18.8 (MR = −16.2).
At the time, spectroscopic redshifts were nonexistent for
most galaxies fainter than this. We compare our results
and find 19 objects in common. Of 2 spectroscopically
confirmed non-member galaxies, they correctly identified
both as background. Of 17 confirmed members, they cor-
rectly assign 9 as probable members, while incorrectly clas-
sifying 8 as distant spirals. Our membership probabilities
for these same objects based on ACS images correctly as-
signed 16 of the 17 members as definite to likely members
although also incorrectly assign one of the two background
objects as a likely member. Overall, our membership as-
signments do a better job at these faint magnitudes and
surface brightnesses due to the much higher spatial res-
olution of the HST/ACS images. Since the success of
morphological memberships is directly related to the spa-
tial resolution of the imaging this method can presently
only be used for very nearby groups and clusters; at the
distance of the Coma Cluster, spaced-based imaging be-
comes necessary. At greater distances, it becomes difficult
to use this method to probe to the same limiting magni-
tudes (MR = −12) as this study. Galaxies become fainter
and smaller, more cluster galaxies with brighter intrinsic
magnitudes will not have spectroscopic redshifts, and evo-
lutionary effects may become a factor. We expect this
method to be useful using HST/ACS images for clusters
and groups within ∼ 100 Mpc.
5. summary and conclusions
In summary, we have used spectroscopic redshifts to
test the success rate for establishing Coma Cluster mem-
bership through indirect means such as morphology, sur-
face brightness, size, and color criteria. Using Keck/LRIS
multi-object spectroscopy, we targeted 93 galaxies to test
membership probability assignments using these indirect
means, and another 47 compact objects to search for
UCDs.
The results of the membership tests showed that we
can use surface brightness, size, and morphology criteria,
when based on high resolution ACS images, with good suc-
cess. We find a high success rate, with 100% of galaxies
that were expected to be members proving to be mem-
bers, and over 90% of galaxies expected to lie in the back-
ground proving to be background objects. In practice,
we expect this latter percentage to be higher, since the
vast majority of expected background galaxies are those
which exhibit structural features like spiral arms and these
can be confidently associated with the background. Our
small sample of expected background galaxies does not re-
flect the full background population. It is only between
these expected member and expected background cate-
gories, where galaxy memberships were assigned as ’un-
certain’ possible members, do we experience a breakdown
with this method. In these cases the failure rate for cor-
rectly assigning objects as (possible) members is about
50%, as might be expected. These are primarily cases of
galaxies with surface brightness intermediate between low
surface brightness dEs and higher surface brightness back-
ground galaxies.
In addition to these normal dwarf galaxies, we confirm
19 Coma Cluster UCDs with magnitudes in the range
21.5 < R < 23.5 (−13.5 < R < −11.5) and having a large
spread in color which ranges from the expected color at the
faint extension of the red sequence to 0.4 magnitudes red-
der than the red sequence. We discuss this sample further
in Chiboucas et al. (in prep).
The main conclusions from this study are as follows.
The dominant cluster population, dwarf elliptical galaxies,
follow a magnitude - surface brightness relation (which ex-
hibits some scatter in surface brightness) in which dwarfs
decrease in surface brightness at fainter magnitudes with
little change in size. This property allows for the use of
surface brightness and size as cluster membership indica-
tors for dwarf galaxies. From our spectroscopic results we
determine that very low surface brightness galaxies can
indeed be confidently associated with the cluster. It is
only at the higher surface brightness side of the magni-
tude - surface brightness relation that some ambiguity en-
ters into the membership determination as members and
background galaxies begin to merge and membership as-
signments become uncertain. For statistical purposes, we
find that objects with uncertain membership assignments
may be considered members with ∼ 50% probability. It
is only near the intermediate surface brightness bound-
ary between members and non-members where this will
be a problem; the majority of dwarf galaxies have lower
surface brightnesses and can safely be assigned as cluster
members.
That said, we find that dwarf cluster members are
clearly separated into LSB and the compact cE and UCD
9families. The Coma Cluster galaxy population consists of
the established low surface brightness dwarf galaxies and,
on the other side of the surface brightness spectrum falling
far off the magnitude - surface brightness relation of dE
galaxies, are the very high surface brightness UCDs. In
between, largely within the range of the background pop-
ulation, are the cEs. It is possible that UCDs and cEs
form a single family of objects; the two-magnitude gap
between these two populations at −15 < MR < −13 must
be explored. Membership criteria which stipulate low sur-
face brightness will fail entirely for these compact galaxy
types.
We did not use colors in our initial membership prob-
ability assignments, but we investigate the membership
results in terms of galaxy color. For the most part, we
find colors do at least as well as surface brightness and
size criteria in distinguishing member from non-member
galaxies. Most cluster dwarfs follow an obvious red se-
quence. However, color criteria fail for many of the same
objects, namely the cE and UCD classes, where other indi-
rect means fail. Thus, colors provide a good discriminant
most of the time but must be lenient on the red side to
catch the cE and UCD components of the cluster popu-
lation. Spectroscopy is required to establish membership
for these object types.
Overall, we find good success using morphology and
structural characteristics based on high resolution ACS
imaging to establish membership, with shortfalls at the
boundaries between member and non-member population
properties, and in the high surface brightness regime. Con-
struction of a luminosity function may be problematic if
cEs and UCDs comprise significant cluster populations.
However, we do not believe cEs to be a dominant popu-
lation and it is still unclear as to whether UCDs are, in
fact, galaxies at all rather than giant star clusters. We
are following up on these two populations in Price et al.
(2009) and Chiboucas et al. (in prep).
Our results show that indirect and direct (spectroscopic)
means for determining cluster membership have orthogo-
nal biases. Spectroscopy is most successful for high sur-
face brightness objects, the exact region where the indirect
means tend to fail. Observations for high surface bright-
ness objects require much shorter exposure times so larger
samples of high surface brightness galaxies may be ob-
served in order to establish membership, while indirect
means are expected to successfully identify LSB members.
This finding is significant as it suggests ways to maximize
the efficiency of telescope time for future cluster member-
ship studies. With high spatial resolution imaging, indi-
rect means provide a nearly 100% success rate for identi-
fying low surface brightness members; spectroscopic stud-
ies should concentrate on intermediate and high surface
brightness galaxies.
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Table 1
Keck/LRIS Observations
Mask Date α δ (J2000.0) PA (deg) Seeing (arcsec) Nslit
1 2 Apr 2008 13 00 40.69 28 01 54.86 1.5 0.7 35
2 3 Apr 2008 13 00 17.82 28 01 26.81 1.5 1.0 32
3† 3 Apr 2008 13 00 24.62 27 56 26.11 80.0 1.0 38
4 2 Apr 2008 12 59 40.10 27 59 06.28 121.0 0.8 39
†Exposure times for both red and blue chips were 8 × 1500 sec with the exception of Mask 3
for which we obtained only 6× 1500 sec on the blue side.
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14 Chiboucas et al.
Fig. 1.— Examples of galaxies assigned membership probabilities 1-2. Images are 18 arcsec across. The top row displays 4 examples of
galaxies considered definite members (ranking 1) due to the smooth low surface brightness appearance of the dE and dE,Ns. In the bottom
row are 4 galaxies considered to be very likely members (ranking 2). Although very probable dE and dE,N cluster members, these have a
slightly patchier appearance.
Fig. 2.— Examples of galaxies assigned membership probability 3. Images are 18 arcsec across. This is the most ambiguous rating, and
includes galaxies that are considered possible member or background. In each case it is apparent why the galaxy is not clearly a background
galaxy or a cluster member. In panel (1), the object has low surface brightness, but is small and elongated, panels (2) and (3) show possible
distant spirals, and panel (4) is a compact high surface brightness object, either a more distant elliptical or a compact dwarf galaxy. Galaxies
such as this one require spectroscopic confirmation of membership. In the bottom row, all are similar to dE and dE,N types, but are smaller
than other class 1 objects and have a patchier appearance.
15
Fig. 3.— Examples of galaxies assigned membership probability 4. Images are 18 arcsec across. These galaxies are expected to lie in
the background, due to features that suggest late type morphologies and intrinsically high luminosities. The top row displays 4 cases of
low surface brightness galaxies expected to be late types at large distance. Identifying features include highly elliptical edge-on disks, spiral
structure, asymmetric profiles, and lumpy appearance. In the bottom row, these high surface brightness objects are believed to be late type
field galaxies, most exhibiting clear spiral and tidal structures.
Fig. 4.— Central region of the Coma Cluster with overlay showing all originally proposed ACS fields (highlighted yellow regions are
completed ACS imaging) and the 4 LRIS mask regions. Green and red points represent spectroscopically determined member and background
galaxies from our membership determination sample. Blue circles and triangles are confirmed and questionable UCDs, while red and black
Xs represent UCD candidates which proved to be background galaxies and stars respectively.
16 Chiboucas et al.
Fig. 5.— Spectra for 6 dE and dE,N, smoothed 3 times. From top to bottom, R−band magnitudes range from 19.3 to 21.8.
17
Fig. 6.— Measured member and background redshifts. These do not include the UCD sample redshifts.
18 Chiboucas et al.
Fig. 7.— Galaxy velocity measurements compared to those also measured with Hectospec. The average difference is 32 km/s.
19
Fig. 8.— Galaxies spectroscopically determined to be members which had been assigned membership probabilities 3-4 (possible members
or likely background). The two membership assignments for each object are labeled. For object ID 242439, only one author supplied a
membership assignment. Images are 20 arcsec on a side.
Fig. 9.— Three galaxies with redshifts placing them outside of the Coma Cluster. Membership classifications based on morphology from
2 authors are listed under the galaxy ID. None of these 3 galaxies were considered a definite background galaxy. Images are 20 arcsec on a
side.
20 Chiboucas et al.
Fig. 10.— Histogram of membership probability results. The shaded and open hatched histograms display confirmed member and
background galaxy counts respectively as a function of average membership probability designation.
21
Fig. 11.— Relative flux calibrated blue and red-side spectra of an unusually strong emission line object.
22 Chiboucas et al.
Fig. 12.— Candidate UCD emission line object. Images are 15.5 arcsec across. Top: The F814W image with the target object (indicated
by an arrow) centered in the slit. Another object lies just outside the slit to the west. The other galaxy further along this slit is also observed.
Bottom: The same section of the F475W image.
23
Fig. 13.— Central surface brightness (mag arcsec−2) vs. R−band magnitude. Small symbols represent candidate targets and associated
subjective membership probabilities as described in the key in the lower right. Symbols enclosing these denote the object type and membership
determination for spectroscopically targeted objects (upper left key). Photometry comes from the catalog of Adami et al. (2006). Triangles
refer to questionable cases where redshift measurements are uncertain due to lower S/N spectra.
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Fig. 14.— Effective surface brightness (mag arcsec−2) vs. F814W−band magnitude. Symbol types as in Fig. 13.
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Fig. 15.— Aperture color vs. total magnitude. Symbols as in the previous figures. The solid line in the top plot represents the best fit
to 120 red sequence Coma Cluster members with 14 < R < 19 extended to faint magnitudes. The ±1σ error curves for the fit to brighter
galaxies, including the contribution from photometric measurement errors, are also shown.
